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Tuul RiverSediment concentration (SC)–water discharge (Q) relations in rivers are typically governed by multiple
and relatively complex processes. Due to hysteresis effects, sediment discharges can differ for similar
or equivalent water discharges, which causes scatter in empirical datasets and may decrease the predic-
tive power of SC rating curves. Such hysteresis effects must therefore be understood and accounted for to
make dependable predictions for river system management. The overall objectives of this study are to
develop modelling approaches suitable for reproducing and predicting hysteresis effects at larger scales
and to investigate the possible contribution of in-channel processes (erosion and deposition) to sediment
concentration hysteresis loops. To investigate relevant ﬁeld-scale conditions, we develop a
one-dimensional dynamic sediment transport model of the downstream Tuul River (northern
Mongolia), investigating in-channel processes along a 141 km stretch during a hydrological year. The
results show that the present modelling approach can reproduce both anti-clockwise and clockwise hys-
teresis effects. Importantly, in-channel processes alone can cause considerable anti-clockwise hysteresis
effects without being reinforced by catchment processes such as hillslope erosion. Such speciﬁc contribu-
tions from in-channel processes introduced data scatter into the sediment rating curves, decreasing their
R2-values from unity to approximately 0.5 to 0.6. More generally, possible changes in the number or mag-
nitude of high-ﬂow events, caused by climatic or other anthropogenic factors, could inﬂuence total sed-
iment deposition, which was primarily found to occur during relatively short high-ﬂow events. Such
potential changes also have important implications for the possible spreading of polluted sediments.
 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).1. Introduction
Single hydrological ﬂow events can substantially contribute to
riverine sediment transport (Smith et al., 2003; López-Tarazón
et al., 2009; Ollivier et al., 2010). Knowledge on the magnitude
and variability of event-based sediment loads is essential for the
protection planning and management of river systems, including
their contaminants and ecosystems (Lisle, 1989; Graf, 1996;
Törnqvist et al., 2011; Cofalla et al., 2012; Destouni et al., 2013).
In natural river systems, sediment transport hysteresis can be
observed to varying extents (Lawler et al., 2006; Fan et al.,
2013); thus, sediment discharge is variable for similar or equiva-
lent water discharges. Furthermore, sediment concentration (SC)–
water discharge (Q) hysteresis loops can vary from clockwise to
anti-clockwise. Clockwise hysteresis loops occur when the SC peak
arrives before the Q peak. The SC is then generally greater duringthe rising limb of a ﬂow hydrograph than during the falling limb.
Clockwise hysteresis loops are often related to the depletion of
readily available sediment sources and the associated dilution of
suspended sediment concentrations (Bacˇa, 2008). High SC–Q skew-
ness can occur when the bed load constitutes a considerable por-
tion (>30%) of the total sediment load (Alexeevsky, 1998), such
as in the presence of large in-channel sediment sources (e.g., sub-
merged bars). Anti-clockwise hysteresis loops occur when the sed-
iment delivery to the river channel is limited at the beginning of an
event. These loops can, for instance, be associated with catchment
processes that delay the sediment delivery from the upper portions
of a river basin (Hughes et al., 2012). Furthermore, anti-clockwise
loops can be a result of the delivery of ﬁne-grained material from
disturbed ﬂoodplains, including mining sites (Chalov, 2014).
The SC–Q relations in rivers are typically governed by multiple
and relatively complex processes (Hudson 2003; Lawler et al.,
2006; Lefrançois et al., 2007), such as hillslope erosion within
catchment areas (Nadal-Romero et al., 2008; Runkui et al., 2010),
sediment wave dispersion (Bull, 1997), upstream ﬂoodplain
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erosion of river banks (Lefrançois et al., 2007). In many cases, the
net effect of such varied processes is quantiﬁed empirically based
on historical observation data. Commonly, these relations take
the power law form: SC = aQb, where a and b are regression coefﬁ-
cients (Asselman, 2000). However, the above-mentioned hysteresis
effects cause scatter in the empirical datasets, which must be
understood and considered to enable dependable predictions for
river system management. A primary challenge is therefore to
identify key governing processes and their relative contribution
to such hysteresis, particularly at large-catchment scales, where
many of the processes are less well investigated or understood
than at smaller scales (Williams, 1989; Alexeevsky, 1998; Jarsjö
et al., 2012; Törnqvist et al., 2015).
For example, in addition to catchment and ﬂoodplain processes,
spatiotemporal shifts in the channel characteristics, such as its
cross-sectional shape, gradient and/or bed material conditions,
can also potentially contribute to hysteresis in SC–Q relations
(Kleinhans et al., 2007; El kadi Abderrezzak and Paquier, 2009).
These in-channel changes are generally caused by natural pro-
cesses, such as erosion and deposition, and reﬂect spatiotemporal
sediment storage conditions. The exchange of sediments on a
channel bed can be very dynamic under transient ﬂow conditions
(Ciszewski, 2001), particularly in relation to the longer timescales
of ﬂoodplain storage (Walling et al., 1998). Although in-channel
dynamics clearly contribute to the variability in sediment yield
along rivers (Smith and Dragovich, 2008) through erosional/depo-
sitional processes that cause differences between upstream and
downstream sediment loads (Owens et al., 1999; Smith et al.,
2003), questions remain regarding whether and to what extent
in-channel processes contribute to hysteresis effects.
The overall objectives of this study are to develop modelling
approaches suitable for reproducing and predicting hysteresis
effects at larger scales and to investigate the possible contribution
of in-channel processes to sediment concentration hysteresis
loops. These aims also include more detailed assessments of the
dynamics of in-channel sediment bed storage and gradation
changes throughout a hydrological season and within single hydro-
logical events. To this end, we use a one-dimensional dynamic sed-
iment transport model supported by ﬁeld observations in the Tuul
River (northern Mongolia), which is characterised by a natural
hydrological regime unaffected by engineered structures.2. Materials and methods
2.1. Site description
The Tuul River is located in the Mongolian (upper) portion of
the Selenga River Basin, which collects the majority of the runoff
within the Lake Baikal Basin (Fig. 1a), located in southern Siberia
(Russian Federation). The Tuul River ﬂows from the Khetei moun-
tain range to the Orkhon River, passing through the most popu-
lated area in Mongolia, the city of Ulan Bator, in its upstream
portion. The area of the Tuul River Basin is approximately
50,000 km2. The annual average air temperature at the Ulan
Bator station is 0.8 C, and the monthly means vary between
21.5 C in January and 17.1 C in July. The annual precipitation
of the basin varies between 275 mm in its middle reaches and over
400 mm in the most upstream and downstream reaches of the
river. The precipitation in the basin occurs mainly as rainfall in
the warm May–August period. The annual mean discharge of the
Tuul River at the Ulan Bator gauging station is 27 m3/s, and the
maximum recorded discharge since 1945 is 1580 m3/s (Davaa
and Odgarav, 2012).During winter (November–March), the Tuul River channel is
covered with thick ice, and its discharge is negligible. However,
recent observations indicate a decreasing duration and thickness
of the ice cover (Punsalmaa et al., 2004), which may reﬂect climatic
changes in the region. Other indicators of climate change in the
region include extended low-water periods in the lower
(Russian) part of the Selenga River in recent decades (1976–1982
and 1996–2011; Chalov et al., 2015; Berezhnykh et al., 2012;
Shimarayev and Starygina, 2010). Such hydrological changes have
also been observed in the upper (Mongolian) portion of the Selenga
River (Garmaev and Khristovorov, 2010; Davaa and Odgarav,
2012). Long-term hydrological data (1945–2012) for the Tuul
River and the downstream sections of the river network (Orkhon
River) demonstrate a low-water period since 1996 (Fig. 2a).
However, in the Tuul River Basin, higher discharge conditions were
observed during the most recent hydrological years (2012 and
2013; Centre of Register of Hydrotechnical Constructions, 2014).
In addition, the annual maximum discharges have decreased since
the mid 1990s (Fig. 2b). This is consistent with the observed pat-
tern in the Selenga River Basin, where the maximum discharges
have decreased and the minimum discharges have increased,
which may reﬂect permafrost thaw in the basin (Törnqvist et al.,
2014).
This study focuses on a 14 km long reach (called the focus
reach) located approximately 104 km from the conﬂuence of the
Tuul and Orkhon rivers (Fig. 1c). The modelled reach of the river
was much longer (Fig. 1b) than that to sufﬁciently separate the
focus reach from the model boundaries and their inﬂuences (see
also Section 2.2.4). The entire modelled reach of the Tuul River
extends 245 km upstream of the conﬂuence with the Orkhon
River (Fig. 1b).
The geomorphology of the valley of the downstream Tuul River
varies from quite wide with relatively ﬂat ﬂoodplains (especially in
the upper part) to narrow and more v-shaped in hilly areas. The
average slope of the focus reach is 0.0004 (m/m), which is preceded
by a long reach with an average slope of approximately 0.001 (see
the Supplementary Information for a more detailed description).
The channel of the focus reach is meandering, which is also the
case for approximately 68% of the modelled reach of the Tuul
River. This channel pattern is associated with abundant horizontal
and vertical channel changes (Alexeevsky et al., 2013). In its most
downstream reaches, the Tuul River crosses a mountainous area.
This portion of the river has an incised channel containing
extended straight reaches, which indicate stable channel condi-
tions. The topography and vegetation of the Tuul River Basin is typ-
ical for a grassland steppe, with occasional shrub cover in the
vicinity of water bodies. The natural steppe ecosystem and land-
scape of the downstream Tuul River valley, however, is disturbed
by expanding placer gold mining. As shown in Fig. 1b, the mines
are distributed over a large distance beginning just upstream of
the focus reach. Previous studies of the mining activity indicate
severe environmental impacts on the bodies of water downstream
of the Tuul River and on Lake Baikal (Ferrington, 2000; Stubbleﬁeld
et al., 2005; Byambaa and Todo, 2011; Thorslund et al., 2012).
2.2. Numerical modelling
HEC-RAS 4.1 is a one-dimensional modelling software package
that allows the performance of four different river analyses: (1)
steady ﬂow, (2) unsteady ﬂow, (3) water quality (organic matter)
and (4) movable boundary sediment transport computation, which
is used in this study. All four components of the model use com-
mon geometric data and common geometric and hydraulic compu-
tation routines (USACE, 2010a). The HEC-RAS sediment transport
module has been successfully implemented in studying both rela-
tively short (Zhang and Duan, 2011) and long, exceeding 300 km,
Fig. 1. (a) The Selenga River Basin, indicating the location of the modelled reach extent; (b) the downstream Tuul River and modelled reach extents with the location of the
focus reach; (c) the focus reach extent.
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capabilities of this sediment transport model are often com-
mended due to their user-friendly interface and wide range of
available outputs (Gibson et al., 2006; Herman et al., 2007). To esti-
mate sediment transport for transient ﬂow conditions, HEC-RAS
uses a quasi-unsteady approach, which assumes that an event or
a period of records is calculated as a series of steady ﬂows. This
assumption has been shown to produce similar results to those
of models based on unsteady ﬂow algorithms (Hummel et al.,
2012). The primary input data for the sediment transport compu-
tations conducted here are (1) bed material, (2) stream geometry,
(3) upstream and downstream ﬂow boundary conditions (BC),
and (4) upstream sediment load boundary conditions. The devel-
opment of the downstream Tuul River model was divided into
three steps: (1) river geometry development, (2) ﬂowmodel devel-
opment and (3) sediment transport model development (Fig. 3).2.2.1. Data acquisition and processing
Most of the measurement data used in the model were obtained
from two ﬁeld campaigns in the Zaamar region: (1) 24th July to 4th
August 2011 and (2) 18th June to 31st June 2012. Topographical
data were obtained from a 90 m resolution DEM (Digital
Elevation Model) from USGS (SRTM 90m; USGS, 2012a). The river
bathymetry was acquired by measuring the depth at
cross-sections at locations B1, B6 and B12 (Fig. 1b) in the Tuul
River study reach. The measurements were conducted during the
ﬁeld campaign in 2011. The centreline of the river was derived
from LANDSAT images representing the area of the study site for
11th July 2011 (USGS, 2012b).
In this study, we reproduce sediment transport conditions typ-
ical for the Tuul River using discharge data from a recent hydrolog-
ical year (2011) from the Ulan Bator gauging station, which were
provided by the Mongolian Institute of Meteorology, Hydrology
Fig. 2. Long-term changes in the (a) annual and (b) maximum discharges, Q, in the Tuul and Orkhon rivers (Garmaev and Khristovorov, 2010; Davaa and Odgarav, 2012).
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conditions of the most recent decades (Fig. 2) and were used to
prescribe the ﬂows at the upstream boundary of the model.
Previous measurements have shown that the Tuul River ﬂow is
essentially unchanged between the gauging station and the region
where the upstream boundary of the model is located (Battulga
et al., 2009).
The velocity–discharge proﬁles used in the ﬂow model calibra-
tion were measured at locations B6 and B12 during the ﬁeld cam-
paign in June 2011 and at B1, B5–7 and B11–12 during the ﬁeld
campaign in June 2012. The measurements were taken at a mini-
mum of three subdivisions in a river proﬁle using a
propeller-type current meter. Mean monthly water temperature
data, required for the sediment transport model, were taken from
Altansukh (2008).
The bed sediment was investigated at 12 locations (Fig. 1b), of
which 11 were collected from the Tuul River reach during the
2012 ﬁeld campaign. The samples were collected using either (1)
a so-called ‘‘Russian corer’’ (for catch-and-close samples of the
material) or (2) a cylindrical steel vessel (for coarse bed material).
In the ﬁrst method, the maximum depth of the samples was 10 cm.
The second method was based on removing approximately 5 cm of
the bed material by dragging the vessel in the direction of the river
current. Accounting for missing bed sampling in relativelyinaccessible regions, we assumed that in the uninvestigated region
(location B4a in Fig. 1b), the bed material gradation is proportional
to the channel slope conditions. Hence, location B4a is represented
by material similar to that found at locations B1–B3 and B6. All of
these locations are characterised by a relatively steep slope of the
channel, exceeding 0.001.
The measured bed samples from all of the locations were
divided into ten sediment grain size classes using sieving analysis.
The internal boundaries of the sediment grain size classes followed
the size limits of the sieves. Due to limiting information from the
ﬁeld, it was assumed that the lower limit of the ﬁnest sediment
grain size class was 0.062 mm (the lower limit of very ﬁne sand
in HEC-RAS). Later, the analysed bed material information was
applied in the model. This process required some of the default
HEC-RAS sediment classes to be adjusted to the size boundaries
of the sediment classes measured using the sieving analysis.
Hence, the ‘‘settling depth’’ factor, which controls the vertical dis-
tribution of each class in the water column (Gibson et al., 2010),
was also adjusted for each new class. The speciﬁc gravity of the
bed material was also changed from the HEC-RAS default of 2.65
to 1.91, which was measured in the upstream portion of the stud-
ied reach. In the ﬁnal step, the information regarding the bed mate-
rial at the sampling locations was interpolated along the modelled
reach using the default HEC-RAS interpolation method.
Fig. 3. Chart illustrating the steps of the development of the downstream Tuul River model.
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information snapshot from the sampling campaign. However, the
natural characteristics of the bed material can vary with time.
Therefore, a given hydrograph can result in different ero-
sional/depositional patterns depending on the initial state of the
bed, such as the abundance or deﬁciency of the most conveyed
material. We therefore investigate two hypothetical cases with
sediment gradations that are different from the
measurement-based case. The two additional scenarios imply a
relative abundance (scenario A) and deﬁciency (scenario B) of the
ﬁnest analysed material in the bed of the focus reach. However,
in the two scenarios, all of the sediment classes need to be deﬁned,
not only the ﬁnest analysed class. To obtain a gradation that
reﬂects typical conditions for the Tuul River, we base the full gra-
dation of the additional scenarios on the observed (sampled) con-
ditions in the downstream Tuul River. The observations considered
have high (scenario A) and low (scenario B) proportions of the ﬁn-
est analysed fraction. The general characteristics and results of the
additional modelling scenarios (A and B) are presented in the
Supplementary Information (Table S-1).
2.2.2. River geometry development
The geometry of the downstream Tuul River was developed
using HEC-GeoRAS 4.3, an extension to the GIS program ArcMap
9.3. The ﬂoodplain area and the slope of the stream were derivedfrom the DEM. The bathymetry mesh of the river was created using
the measured cross-sections and the delineated centreline of the
river. The width of the channel was assumed to be constant at
52 m, which is consistent with the average width of the measured
cross-sections.
Cowan’s method was used to estimate Manning’s roughness
coefﬁcients (n) along the Tuul River channel and ﬂoodplains. The
n-values reﬂect local energy losses and were estimated from
n = (nb + n1 + n2 + n3 + n4)m, where nb is a base value of the coefﬁ-
cient for a straight and smooth channel in natural materials; m is
a meandering correction factor; and n1, n2, n3, and n4 are correction
factors for (1) surface irregularity, (2) shape and size variability of a
channel, (3) obstructions, and (4) vegetation and ﬂow conditions,
respectively (Arcement and Schneider, 1984).
The geometry of the downstream Tuul River that was imported
from HEC-GeoRAS to HEC-RAS was composed of approximately
1300 cross-sections along the 245 km of the modelling reach (62
cross-sections within the focus reach of the study). The spacing
between the cross-sections was set to be denser in the more mean-
dering locations of the river (see the Supplementary Information
for a more detailed description of the model geometry creation).
2.2.3. Flow model development and calibration
Daily discharge data for the year 2011 were applied as the
upper BC to the model. There was no discharge recorded between
J. Pietron´ et al. / Journal of Hydrology 527 (2015) 576–589 581January and early March 2011, most likely due to a thick ice cover.
There are a few minor tributaries and one larger tributary, the
Haruuhn River, along the modelled reach. We assume that the rela-
tion between the monitored and unmonitored ﬂow is the same as
the relation between the monitored and unmonitored catchment
areas (see Destouni et al., 2008; Jarsjö et al., 2008). Therefore, the
unmonitored discharge increases in proportion to the catchment
area increment according to the following:
Qum ¼ Qm A
m þ Aum
Am
ð1Þ
in which Qm is the monitored discharge, Qum is the unmonitored
discharge at a point downstream of the monitored one, Am is the
catchment area of the monitored discharge, and Aum is the catch-
ment area of the unmonitored discharge. The calculated discharge
increments were applied in the model assuming that the discharge
increase is divided equally among all modelling cross-sections of
each considered sub-catchment (see the Supplementary
Information for a more detailed description).
The ﬂow model was calibrated using sets of velocity-discharge
proﬁles acquired in 2011 and 2012. The calibration procedure
involved adjusting Manning’s n-values to obtain similar measured
average stream velocities during correspondingly applied dis-
charge conditions.
2.2.4. Sediment transport model development
Different sediment transport quantiﬁcation methods, such as
Ackers-White, Engelund-Hansen, Toffaleti, and Yang and Wilcock,
have been developed under different limiting assumptions
(Camenen and Larroudé, 2003; Benjankar and Yager, 2012) and
may therefore yield different results for a particular river reach
to the extent that some results may be inconsistent with observed
data (Młynarczyk, 1996; Yang, 2002). In the present Tuul River
application, the Toffaleti (USACE, 2010b) function for sediment
transport was found to be the most appropriate because it has been
developed for medium and large rivers that ﬁt the characteristics
of the Tuul River. The Toffaleti formula is a function of the geomet-
ric characteristics of the channel, average velocity, sediment grain
size, an empirical exponent (describing the relationship between
the sediment and hydraulic characteristics) and water
temperature.
The bed sorting method, which computes changes in bed mate-
rial gradation with time and limits erosion of the bed, was set to
Exner 5 (USACE, 2010b). This method creates two layers out of
the active layer of the input bed material, which simulates the
effect of bed armouring protecting deeper material from erosion
(Gibson et al., 2006). Fall velocity, which controls the depositional
speed of particles, was established by another method developed
by Toffaleti (USACE, 2010b).
The varying capacities for material transport are calculated for
each sediment grain size class separately. These capacities are cal-
culated based on the transport potential of the grain size (calcu-
lated with the transport equation) multiplied by the fraction of
each sediment grain size class in the active layer of the channel
bed (USACE, 1993). Hence, when the sediment deliveries are
greater than the transport capacity of the given material, deposi-
tion of this material occurs. Conversely, if the transport capacity
is greater than the deliveries, erosion occurs. Thus, according to
the model assumptions, the erosion/deposition rates depend on
both the incoming sediment loads and the in-channel sediment
storage.
Because the model was developed to simulate the in-channel
sediment transport and erosional/depositional dynamics, the only
supply of sediment in the model was from the bed material of
the river. The incoming sediment load was obtained by setting
the upper BC to ‘‘equilibrium load’’ (see USACE, 2010a). The stretchbetween the upper BC of the model and the focus reach acted as an
adaptation reach of the model (127 km long). In other words, the
sediment load ﬂowing into the focus reach was primarily a result
of the upstream erosion of in-channel bed sediment supplies rather
than the upper sediment load BC applied in the model. The robust-
ness of the focus reach results with regard to assumed conditions
at the upper boundary was evaluated through prescribing extre-
mely low (0 t/day) and high (700 t/day) inﬂowing sediment loads
at this boundary, considering also the full range of studied dis-
charges. It was shown that the average difference between sedi-
ment concentrations at the focus reach due to the different
prescribed boundary loads was small (median value of 4.5%),
despite the large difference at the boundary. Furthermore, a previ-
ous comparison between measured and modelled sediment con-
centrations based on the same model and application site as
considered here (Chalov et al., 2015), showed that the model can
reasonably reproduce absolute values of concentration; the med-
ian ratio between measured and modelled concentrations was
found to be less than 2, whereas the ratio between maximum
and minimum concentrations that occurred under the investigated
condition was relatively high (50).2.3. Hydrological analysis
To separate the ﬂow events from the base ﬂow periods of the
stream hydrograph, the local-minimum method was used. This
method determines the base ﬂow by linking the minima ﬂow
between the events (Sloto and Couse, 1996). To distinguish the
major ﬂow events from the others, we deﬁne the primary events
as those with at least double the current base ﬂow.
In the analysis of the model results, we deﬁne net erosion/depo-
sition (net storage) as the difference in the sediment mass stored
within the channel of the focus reach between the beginning of
the studied hydrological period and the considered point of time.
Furthermore, daily net erosion/deposition refers to the sediment
mass difference within a single day of the hydrological period.
The total daily erosion during a period of time was calculated as
the sum of erosion (with a value of zero for days showing no ero-
sion or deposition) in the considered period.3. Results
3.1. Discharge, erosion and deposition
Discharge (Q) representing the inﬂow to the focus reach and the
results of the modelled net erosion/deposition (net storage) are
presented in Fig. 4 for all sediment grain size classes. The hydro-
graph separation distinguished 16 peak ﬂow events during the
hydrological period (dark blue colour in Fig. 4). Five of these events
were classiﬁed as major ﬂow events (E1–E5). The major ﬂow
events E1–E3 and E4–E5 occur in sequence. There is a 13-day lapse
between events E3 and E4. Two minor events occur during that
time. The average Q of the hydrological period (April-December
2011) was 28 m3/s. The maximum Q was 170 m3/s, occurring dur-
ing the last event, E5. The event E1 had the lowest peak of the
major ﬂow events, with Q equal to 71 m3/s. The other, eleven
minor events are characterised with peak Q varying between 12
and 65 m3/s.
The model results indicate that the particles in most of the sed-
iment grain size classes are subject to a net deposition of sediment
particles over the hydrological period (Fig. 4). The highest deposi-
tion in the 14 km stretch considered is estimated for the sediment
grain size class no. 2 (0.25–0.50 mm) (red dashed curve in Fig. 4),
with a net deposition of approximately 7.4 kt over the hydrological
period. The ﬁnal change in sediment net storage for all size classes
Fig. 4. Hydrograph for the focus reach with the ﬂow events separated from base ﬂow and net storage in the focus reach for all sediment grain size classes. The major ﬂow
events, E1–E5, are highlighted with colours. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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the total annual sediment inﬂow to the focus reach. The negative
number is due to a considerable net erosion of 23 kt of ﬁne sedi-
ment from grain size class no. 1 (0.062–0.25 mm) (red solid curve,
Fig. 4). This material, which initially represents 16% (see Fig. 5 for
the full gradation curve of the initial bed material at the focus
reach) of the bed volume, shows dynamic erosional/depositional
patterns throughout the hydrological period. For instance, from
April to early May, 3.3 kt of this sediment grain size class was esti-
mated to be deposited in the reach. Subsequently, considerable
erosion occurs, beginning during event E1 and continuing through
event E3. Then, for the next major events, E4 and E5, the magni-
tude of erosion decreases and deposition increases. After the per-
iod of the major ﬂow events, the curve of the sediment grain size
class no. 1 gently increases, indicating a low rate of net depositionFig. 5. Gradation curve of initial bed material at the focus reach.on the bed. In general, the ﬁnest sediment grain size class domi-
nates the overall dynamics of sediment transport and the total sed-
iment erosion and deposition in the focus reach and the entire
modelled reach, which is consistent with available measurement
data. More speciﬁcally, according to the model results for locations
where measurement data was available (B11, B7 and upstream
part of the focus reach; Fig. 1b and c), the ﬁnest analysed sediment
fraction accounted for 92–99% of the sand fraction (0.062–0.1 mm)
at discharges between 11 and 55 m3/s. The measurements of the
suspended sediment load, conducted in June 2012 and
September 2013, conﬁrm that the ﬁne sediment fraction (0.05–
0.25 mm; e.g. similar to the ﬁnest modelled fraction), account for
a very large part (96–100%) of the sand fraction in suspension
(0.05–1.0 mm) for the same range of discharges.
Out of the 279 days considered (April–December 2011), net
deposition is estimated to occur on 206 days (74%) and net erosion
on 73 days (26%). The model furthermore indicates that the major
ﬂow events are responsible for 83% of the total daily net erosion,
although this erosion occurs only during 12% of the hydrological
period (Fig. 6a and b). The greatest daily net erosion (71%) occurs
during the ﬁrst major events, E1–E3, among which ﬂow event E1
has the highest erosion rate (30% of the total erosion in 1.8% of
the time). The contribution of the last major ﬂow events, E4–E5,
to the total daily net erosion is not considerable (12% of the total
erosion in 4.3% of the time). Approximately 14% of the total daily
net erosion occurs during the 11 minor events, which in total con-
stitute 5.4% of the hydrological period. During the base ﬂow in
spring and autumn, very little erosion occurs (3.0% of the total ero-
sion in 9.0% of the time).
The major ﬂow events are estimated to be responsible for 56%
of the total daily net deposition, which occurs during 9.0% of the
hydrological period (Fig. 6c and d). The greatest daily net deposi-
tion occurs during the two last major events E4 and E5 (36% of
the total deposition in 5.0% of the time). The major ﬂow events
Fig. 6. High ﬂow events at the focus reach as: (a) percentage of the total magnitude of daily erosion, (b) percentage of time of estimated daily net erosion, (c) percentage of
time of estimated daily net deposition, (d) percentage of the total magnitude of daily net deposition; (e) the magnitude of the daily net erosion and deposition in kt.
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total deposition in 3.9% of the time). The 11 minor events con-
tribute more to the total daily net deposition than to the total daily
net erosion (Fig. 6e) and are responsible for 35% of the total daily
net deposition, which constitutes 32% of the hydrological period.
The base ﬂow in spring and autumn contributes only with a small
part of the total daily net deposition (9.0% of the total deposition in
33% of the time).3.2. Cumulative total sediment load
In the cumulative total sediment load (CTSL) curves in Fig. 7,
there is a negative difference in CTSL between the outﬂow location
(OL) and the inﬂow location (IL) of the focus reach before the ﬁrst
major ﬂow event E1. This difference is caused by the net deposition
of the ﬁnest studied sediments (grain size class no. 1) in the focus
reach, which can also be seen in Fig. 4 (red solid curve). Due to ero-
sion in the focus reach during the major ﬂow event E1, the increase
in CTSL is nearly two times greater at the OL than at the IL (Fig. 7).
Therefore, the difference in CTSL between the OL and the IL (DCTSL)
increases. The major ﬂow events E2 and E3 also result in increases
of DCTSL. Due to prevailing erosion during the ﬁrst three major
ﬂow events, the DCTSL changes from 3.5 kt to 16 kt. Between
events E3 and E4, there is a slight increase in the DCTSL (Fig. 7),
which indicates minor erosion during that time. Prevailing deposi-
tion in the focus reach during the major ﬂow events E4 and E5
decreased downstream sediment transport. Therefore, the DCTSLchanges from 17 kt to 14 kt (a change of approximately 3.0 kt).
Until the end of the hydrological period, the DCTSL increases and
decreases due to alternating erosion and deposition. Hence, the
ﬁnal DCTSL for the hydrological period equals 14 kt, which corre-
sponds to 8.0% of the CTSL at the OL. In addition, cumulative sedi-
ment load of each grain size class at IL and OL is presented in the
Supplementary Information.3.3. Sediment concentration hysteresis loops
The water that ﬂows into the focus reach at the IL is charac-
terised by the common anti-clockwise hysteresis loops of sediment
concentration (SC; blue curves, Fig. 8a) during all major ﬂow
events. Hence, in all cases, the SC peaks at the IL lag behind the dis-
charge peaks. For instance, for the major ﬂow event E1 (May 09–
15, 2011), the SC peak occurs on the ﬁnal day of the event and is
delayed in relation to the Q peak that occurs on day 3 of the event.
In contrast, at the OL, the SC hysteresis loop for the major ﬂow
event E1 changes to clockwise (red curve, Fig. 8a). The SC peak at
the OL occurs on the same day as the discharge peak. The differ-
ences in SC between the two locations (IL and OL) are related to
the vast erosion of the channel bed in the focus reach (Fig. 8b).
For event E1, the daily net erosion of the bed sediment precedes
a very low net deposition that occurs during the ﬁnal two days
of the event. The daily net erosion peak (5.1 kt) occurs on the same
day as the Q peak and the SC peak at the OL. The second major ﬂow
event, E2 (May 16–26, 2011), is also characterised by a delayed SC
Fig. 7. CTSL for the IL (blue curve) and the OL (red curve), with the difference between the OL and the IL (DCTSL) indicated with black lines; the dashed blue line indicates
discharge in the focus reach. The major ﬂow events, E1–E5, are highlighted with colours. (For interpretation of the references to colour in this ﬁgure legend, the reader is
referred to the web version of this article.)
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acterised by clockwise SC hysteresis loop at the OL. Bed erosion
occurs during the early stage of the ﬂow event (Fig. 8b). At the
OL, the SC peak and the highest daily net erosion (2.6 kt) occur a
day before the Q peak. The ﬁnal ﬁve days of the event are charac-
terised by a daily net deposition of sediment (max. 0.9 kt). The
third major ﬂow event, E3 (May 27–June 09, 2011), shows patterns
of SC hysteresis loops and daily net erosion/deposition similar to
those of event E2 (Fig. 8). Prevailing erosion during the major ﬂow
events E1–E3 resulted in changes in the gradation of the active
layer bed material. In particular, the fraction of grain class no. 1
decreased from 12% to 2.0%, indicating depletion of this most com-
monly transported material.
The major ﬂow events E4 (June 23–July 06, 2011) and E5 (July
07–18, 2011) are characterised by anti-clockwise SC hysteresis
loops at both the IL and the OL (Fig. 8a). At the IL, the major ﬂow
event E4 begins with rapidly increasing Q and SC. During most of
the event, the SC values at the OL are lower than at the IL. The dif-
ference in SC between the two studied locations (IL and OL) is asso-
ciated with the daily net deposition of sediment in the focus reach,
which begins early in the event and generally continues through-
out (Fig. 8b). When the deposition begins, 2.0% of the sediment
in the active layer is from grain size class no. 1. After eight days
of net daily deposition, the fraction of the sediment in the active
layer from grain size class no. 1 increases to 3.8%. Daily net erosion
occurs during the ﬁnal four days of the major ﬂow event E4. More
generally, the SC values in the early stage of events E4 and E5 are
clearly lower than those in the ﬁnal stages. Moreover, the SC peak
for event E5 occurs on the ﬁnal day of the event. However, in con-
trast to event E1, the SC hysteresis loop at the OL remains
anti-clockwise during event E5. Additionally, there is a signiﬁcant
difference in the pattern of the anti-clockwise SC loops between
the OL and the IL. The ﬁrst days of event E5 are characterised by
higher SC values at the OL than at the IL, which is a result of daily
net erosion (max. 0.80 kt) occurring during that time (Fig. 8b).
Subsequently, during the few days of high Q, the SC loop at the
OL has a lower SC than at the IL (Fig. 8a), which is a result of daily
net deposition (max. 1.3 kt). On the ﬁnal day of event E5, 3.9% of
the sediment in the active layer is from grain class no. 1. One canfurthermore note that deposition occurred on the day of Q peak
in events E4 and E5, whereas erosion occurred in event E2. This
can be explained by a limited bed sediment availability of the grain
size class no. 1 prior to the high ﬂows of events E4 and E5.
4. Discussion
For the hydrological period considered, which covers the total
discharge of the Tuul River in 2011, the change in in-channel stor-
age over the focus reach (also expressed as DCTSL in Section 3.2)
corresponds to 8.0% of the cumulative sediment load at the OL.
This relationship can be compared with that observed for other
rivers that have relatively undisturbed hydrological ﬂow regimes.
The in-channel storage at the Isábena River (Spain) corresponds
to 5.0% of the annual sediment load (López-Tarazón et al., 2012).
Furthermore, the annual change of the in-channel storage
corresponds to 9.0% and 10% of sediment delivery in the rivers
Ouse and Wharfe (UK), respectively (Walling et al., 1998).
Hence, the modelled magnitude of the in-channel storage in the
Tuul River is similar to the observed storage in other unregulated
rivers.
The storage change discussed above suggests a net erosion of
the Tuul River sediments. These results were obtained assuming
that the bed material was approximately 16% relatively ﬁne mate-
rial, which is consistent with the on-site observations from sum-
mer and autumn. However, a hydrological year can in theory
begin with different fractions of ﬁne material in the bed, depending
on the previous hydrological conditions. Therefore, the possible
effects of such differences are discussed below. Notably, additional
scenarios with more (40%; scenario A) and less (1%; scenario B) ﬁne
bed material than the 16% in the base scenario show that the same
hydrograph can yield both negative and positive net storage
changes (sediment budgets) at the end of the hydrological period.
Although an abundance of the ﬁne material (scenario A) increases
the rate and magnitude of erosion, as expected, a deﬁciency (sce-
nario B) increases the overall role of deposition. Consequently, sce-
nario A yielded negative morphological changes (7.1 kt/year/km),
whereas scenario B yielded positive ones (4.9 kt/year/km). In both
cases, the changes were relatively high in comparison with the
Fig. 8. (a) SC hysteresis loops for the major ﬂow events at the IL (blue curve) and the OL (red curve); (b) daily net erosion/deposition (kt/day) in the focus reach for each day of
the major ﬂow events; bolded and underlined numbers of days indicate the peak discharges of the events. (For interpretation of the references to colour in this ﬁgure legend,
the reader is referred to the web version of this article.)
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Fig. 9. Observed changes in heavy metal concentrations (mg/l) during high ﬂow events in 2011 and 2012 in the Tuul River at the Ulan Bator gauging station; source of the
data: personal ﬁeld measurements related to the Zaamar ﬁled campaigns in 2011 and 2012.
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observation-based assumption regarding the bed composition
results in net storage changes that are much more similar to inde-
pendent observations in similar rivers (Walling et al., 1998;
López-Tarazón et al., 2012) than the changes from the scenarios.
A possible explanation is that the base scenario conditions might
be more common than the alternative scenario conditions.
Observations of clockwise hysteresis are commonly interpreted
as being due to the remobilisation of fresh and readily available
in-channel deposits that act as sediment sources (Klein, 1984;
Smith and Dragovich, 2009). This process often occurs at the begin-
ning of a hydrological event, when sufﬁcient material has accumu-
lated on the channel bed during the pre-event period (Salant et al.,
2008). Hence, due to the extensive erosion of this material, clock-
wise hysteresis is commonly related to signiﬁcant increases in sed-
iment loads early in an event (Pentz and Kostaschuk, 1999; Miller
and Villarroel, 2011). We here show that such hysteresis behaviour
can be reproduced by the present modelling approach, which
allows for deposition and erosion along an extensive (127 km)
adaptation reach upstream of the (14 km) focus reach.
Observations of anti-clockwise hysteresis loops during ﬂow
events, with their characteristic delay in the sediment concentra-
tion peak relative to the ﬂow peak, are commonly taken as evi-
dence of delayed input of relatively remote sediments from
catchment processes, such as hillslope erosion during rainfall
events (Bacˇa, 2008; Oeurng et al., 2010; Megnounif et al., 2013).
Such processes can be modelled with soil erosion models (Sander
et al., 2011) that use precipitation data as input (e.g., Hughes
et al., 2012). Importantly, this study shows that the delay in the
sediment concentration peak relative to the ﬂow peak may be
equally well explained by delayed input from upstream
in-channel processes (in our case, from the modelled adaptation
reach). This result emphasises that observations of anti-clockwise
hysteresis alone cannot provide conclusive evidence of on-going
catchment processes such as hillslope erosion. Furthermore, the
present results show that the model can reproduceanti-clockwise hysteresis loops that occur both under conditions
of limited bed sediment availability resulting in net deposition,
as independently observed by Lefrançois et al. (2007), and under
conditions of more abundant sediment availability resulting in
net erosion (López-Tarazón et al., 2009).
Empirical relations between historically observed sediment
concentrations and discharges (sediment rating curves) are often
used in sediment transport quantiﬁcations as an alternative to
more complex numerical modelling of events when relevant
direct concentration measurement results are lacking (e.g.,
Benjankar and Yager, 2012). However, hysteresis effects can be
considerable in some natural steams, implying weak statistical
relations between sediment concentration and water discharge
due to data scatter (López-Tarazón et al., 2009). The resulting sed-
iment rating curves in such cases may be too uncertain to be used
in sediment load predications (Wulf et al., 2012). Because there
may be many different causes of such hysteresis and data scatter,
such as variation in sediment supplies and seasonal effects
(Asselman, 2000), a key challenge is to identify and increase the
understanding of dominant hysteresis mechanisms. The present
modelling approach enabled the evaluation of the speciﬁc contri-
bution of in-channel processes to hysteresis, showing the rela-
tively large inﬂuence of these processes in causing data scatter
in sediment rating curves, decreasing R2 from the hypothetical
value of unity that would occur in the absence of hysteresis down
to values of approximately 0.5 to 0.6. Hence, although there are
many different factors that cause hysteresis, the present results
indicate that understanding and accounting for in-channel pro-
cesses alone may considerably improve sediment load
predications.
A large fraction of metal contaminants in rivers are commonly
transported in a particulate-associated form (Martin and
Meybeck, 1979) and follow the same transport pathways as the
natural sediments of a river. In the Tuul River, the mostly alkaline
water conditions (pH 8.5–9.6) act to further enhance such metal
transport with sediment load (Thorslund et al., 2012; Chalov
J. Pietron´ et al. / Journal of Hydrology 527 (2015) 576–589 587et al., 2015). Furthermore, the observed absolute metal concentra-
tions in the suspended sediments of the Tuul River at the Ulan
Bator gauging station increased signiﬁcantly during high ﬂow
events in 2011 and 2012 (Fig. 9). A possible explanation for this
is that the prevalence of certain, more contaminated particle size
fractions can increase during event ﬂows (Kurtenbach and Krein,
2007). Speciﬁcally, the results of the present model of the Tuul
River indicated that relatively ﬁne particles (0.062–0.25 mm; par-
ticle size 1) eroded preferentially over coarser particles during
the events (e.g., Fig. 4), implying that their prevalence in suspen-
sion increased; the pattern in Fig. 9 hence suggests that this ﬁne
fraction may be relatively contaminated. Fig. 9 also shows that
the overall trends are consistent among the different heavy metals,
although the magnitude of change differs. While some heavy met-
als (Be, Ag and Mo) clearly increased in the high ﬂows, the remain-
der (Se, Cd, W, Hg and Bi) demonstrated greater variability
between the different ﬂow conditions.
This study shows that deposition can occur continuously during
relatively long low-ﬂow periods, which means that the deposited
material will be stored for a relatively long time. However, the
majority of sediment deposition occurs during relatively short
high-ﬂow events. Because both deposition and erosion can occur
during the same (short) event, sediment deposition can be short
term (inter-event). In some cases, huge amounts of material can
therefore be stored for short periods of time (up to a few days).
Because such short-term deposits of (contaminated) sediments
can act as pollution sources when eroded, understanding such
dynamics is important for water quality protection planning
(Haag et al., 2001; Marttila and Kløve, 2010). For instance, if cli-
mate change (Chalov et al., 2015) or other anthropogenic pressures
(Bobrovitskaya et al., 2003; Walling 2006) cause increases in the
magnitude and number of ﬂow events, as observed in two recent
hydrological years (2012 and 2013; Centre of Register of
Hydrotechnical Constructions, 2014), the inter-event character of
sediment storage may become more pronounced due to enhanced
erosional processes (Turowski et al., 2009).5. Conclusions
– The present modelling approach can reproduce both
anti-clockwise and clockwise hysteresis effects through the
consideration of in-channel depositional and erosional dynam-
ics along an extensive (127 km) adaptation reach upstream of
the (14 km) focus reach from which the results are extracted.
– Overall, the modelling results show that considerable
anti-clockwise hysteresis effects can be caused by in-channel
processes alone without being reinforced by catchment pro-
cesses such as hillslope erosion.
– The speciﬁc contribution of in-channel processes to hysteresis
was found to be relatively large, introducing data scatter into
the sediment rating curves and decreasing R2 from unity to
approximately 0.5 to 0.6.
– According to the present modelling approach, the observations
of increased riverine concentrations of heavy metals during
high ﬂow events in the Tuul River near Ulan Bator could be
caused by an increased prevalence of contaminated ﬁne parti-
cles during such events.
– The majority of the total sediment deposition occurs during rel-
atively short high-ﬂow events. Because such short-term depos-
its of (contaminated) sediments were prone to erosion during
the same (short) event, they could act as local pollution sources.
More generally, possible changes in the number or magnitude
of high-ﬂow events, caused by climatic or other anthropogenic
factors, could therefore directly inﬂuence the spread of
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